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Abstract 
We report photoluminescence (PL) and Raman scattering (RS) spectra in Au/spacer/CdSe-nanoparticle multilayers as a function 
of the distance between the Au film and the CdSe-nanoparticle monolayer. Both the PL and RS intensities were enhanced when 
the Au-CdSe distance was large and decreased with a decrease in distance. The influence of the localized surface plasmons on the
optical properties of the CdSe nanoparticles is discussed. 
PACS: 78.67.Bf; 78.30.Fs; 78.55.Et 
Keywords: localized surface plasmon; semiconductor nanoparticles; Raman; photoluminescence 
1. Introduction 
Optical properties of nanostructure materials have attracted much attention because they exhibit novel physical 
phenomena with potential applications in optoelectronic devices. In metal nanostructures, the localized surface 
plasmons strongly couple to electromagnetic fields and dramatically change the optical properties, such as 
photoluminescence (PL) and Raman scattering (RS) intensities, of the materials in the vicinity of the metal surfaces 
[1-4]. In semiconductor nanostructures, the bandgap energy shifts higher than that of the bulk crystals owing to the 
quantum size effect, and semiconductor nanoparticles (NPs) are known as efficient wavelength-tunable luminescent 
materials [5-7]. 
PL properties of metal-semiconductor nanostructure complexes have been studied extensively and both the PL 
enhancement and quenching have been reported [8-16]. PL intensity is enhanced due to the electromagnetic-field 
enhancement induced by the localized surface plasmons, whereas PL quenching is induced by the energy transfer 
(ET) from the semiconductor to metal nanostructures. In order to study the influence of the localized surface 
plasmons on the optical properties of semiconductor NPs, observation of both the PL and RS spectra is expected to 
be useful because the RS spectra can give complemental information. Recently, we measured PL and RS spectra 
simultaneously in close-packed CdSe/Au mixed NP monolayers, and the CdSe-NP concentration dependence of the 
PL and RS intensities were well explained by considering both the electromagnetic-field enhancement and ET 
effects [14]. Furthermore, the Au-CdSe distance dependence of the PL intensity in Au/spacer/CdSe-NP multilayers 
* Corresponding author. Tel.: +81-743-72-6010; fax:+81-743-72-6010. 
E-mail address: aishi@ms.naist.jp. 
Available online at www.sciencedirect.com
Received 25 July 2011; accept  25 August 2011
Open access under CC BY-NC-ND license.
26   Masaki Kawai and Aishi Yamamoto /  Physics Procedia  29 ( 2012 )  25 – 29 
was discussed by taking account of the electromagnetic-field enhancement and ET effects [16]. However, the RS 
properties of the Au/spacer/CdSe-NP multilayers have not been reported, yet. In this work, we measured RS as well 
as PL spectra of Au/spcer/CdSe-NP multilayers, and investigated the Au-CdSe distance dependence of the PL and 
RS intensities under the excitation conditions of on- and off-resonant to the localized surface plasmons. 
2. Experiments 
The sample structure of Au/spacer/CdSe-NP multilayers is illustrated in Fig. 1. The details of the sample 
fabrication procedure and sample characterization were described in ref. [16]. The Au film with a surface roughness 
of about ±5 nm was fabricated on a glass substrate using an Ar-ion sputtering method. The thickness of the Au films 
was about 100 nm. Then a poly (methyl methacrylate) (PMMA) film was spin coated on the Au film as a spacer 
layer. Finally a close-packed CdSe/ZnS-core/shell-NP monolayer was fabricated by the Langmuir-Blodgett (LB) 
method. The average core diameter of the CdSe NPs was 5.2 nm. The distance between the Au film and CdSe-NP 
monolayer, L, can be controlled by varying the thickness of the PMMA films. The thickness of the PMMA films 
was determined by a spectroscopic ellipsometer. The PL and RS spectra were measured simultaneously using two 
individual optical spectrometers—a 320-mm monochromator for the PL spectra and a triple monochromator with a 
340-mm filter double monochromator and a 600-mm spectrometer for the RS spectra. Each spectrum was detected 
by liquid-nitrogen-cooled charge-coupled device (CCD) cameras. A few oscillation lines from a cw Ar-ion laser and 
a second harmonic generation of a cw diode-pumped Nd:YVO4 laser were used as the excitation sources. All the 
experiments were performed at room temperature. 
3. Results and discussion 
Figures 2 and 3 show L dependence of the PL and RS spectra, respectively, under the excitation wavelength of 
514 nm from an Ar-ion laser. The distance L is indicated in the figures. The PL and RS intensities are normalized by 
the intensities of a reference sample (CdSe-NP monolayer without an Au film). In this normalization procedure, the 
excitation intensity was calibrated considering the reflectivity of the sample substrate (including glass, Au, and 
PMMA layers) and the reference sample substrate (including glass and PMMA layers). In Fig. 2, a PL peak due to 
the excitons confined in the CdSe NPs was observed at ~2.0 eV. In the RS spectra, the background signals of the PL 
from the CdSe NPs were subtracted. The LO-phonon mode of the CdSe NPs was observed at ~210 cm-1.  In addition, 
a weak broad peak was observed at ~300 cm-1, which was attributed to the lattice vibration of Cd-S bonding at the 
interface between the core CdSe and shell ZnS [14].  
We performed the same experiments using several excitation laser lines. Figure 4 shows spectrally integrated PL 
and RS intensities as a function of L, where the intensities are normalized by those of the reference sample. The 
excitation wavelengths are indicated in the figure, with solid curves as a guide for the eye. With a decrease in L, the 
PL intensity increases slightly and then decreases dramatically. In addition, the PL intensity is more than unity when 
L is more than 30 nm. These results suggest that the electromagnetic-field enhancement effect is larger than the ET 
effect in the region of L > 30 nm and is smaller than the ET effect in the region of L < 30 nm. The L dependence of 
the PL intensity was basically explained by the opposing influence of the electromagnetic-field enhancement and 
Förster-type ET effects induced by the Au films [16].  
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Fig. 1. Sample structure of Au/PMMA/CdSe-NP multilayers. 
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Since the localized surface plasmons of the Au nanostructures have a broad absorption band at 500-600 nm, the 
excitation wavelengths are near on- and off-resonant conditions. However, significant excitation wavelength 
dependence can not be seen in Fig. 4. In Fig. 5, the closed circles show the PL intensities as a function of the 
excitation wavelength for the L = 41 nm. In addition, intensity ratio of the PL excitation (PLE) spectra (IAu-CdSe/ICdSe)
is also shown as the solid line, where IAu-CdSe and ICdSe are PLE intensity of the L = 41 nm and reference samples, 
respectively [16]. The broad peak at around 530 nm is attributable to the resonance of the localized surface 
plasmons. The normalized PL intensity increases slightly with an increase in excitation wavelength to the localized 
surface plasmon resonance peak. This trend roughly coincides with the spectrum of the PLE intensity ratio. Here, 
the electromagnetic-field enhancement effect has two components, i.e., the excitation-field enhancement effect and 
emission-field enhancement effect [17]. Since the PL intensity is slightly enhanced when the excitation wavelength 
is resonant to the localized surface plasmon energy, the excitation-field enhancement effect contributes to this 
resonance. In addition, the emission-field enhancement effect also contributes to the PL intensity enhancement 
because the PL peak wavelength is close to the localized surface plasmon wavelength and the PL intensity ratio is 
Fig. 2. Normalized PL spectra as a function of L under the 
excitation wavelength of 514 nm. 
Fig. 3. Normalized RS spectra as a function of L under the 
excitation wavelength of 514 nm. 
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Fig. 4. Spectrally integrated PL (solid symbols) and RS (open 
symbols) intensities as a function of L. The intensities are 
normalized by the PL and RS intensities of the reference 
sample. The excitation wavelengths are indicated in the figure. 
The solid lines are a guide for the eye. 
Fig. 5. PL intensity ratio of L = 41 nm as a function of the 
excitation wavelength (solid circles). For comparison, the 
spectrum of PLE intensity ratio (IAu-CdSe/ICdSe) of L = 41 nm [16] 
is also shown (solid line). 
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more than unity in the off-resonant excitation conditions. 
In Fig. 4, the RS intensity is equal to or more than unity in all L regions, indicating that the electromagnetic-field 
enhances the RS intensity. However, the RS intensity decreases with a decrease in L when L < 50 nm. We consider 
the following two reasons for this experimental result. (1) When the metal size is comparable to the wavelength of 
the excitation light, it has a retardation effect [18]. The Au films used in this work are two dimensional films with 
surface roughness. While the surface roughness is sufficiently smaller than the optical wavelength, the two 
dimensional films have larger structural sizes. These larger structures cause the retardation effect and may reduce 
the RS intensity enhancement. (2) Since the excitation wavelengths used in this work were not resonant to the 
exciton energy of the CdSe NPs, no significant excitation wavelength dependence of the RS intensity was observed. 
However, the electrons in the CdSe NPs were excited to real electronic sates instead of virtual electronic states 
because the excitation photon energy was lager than the exciton energy. Most of the electrons in the initial excited 
electronic states cool down immediately to the lowest excited states, while some of them may lose their energy 
through ET to the Au films, which causes the reduction of the RS intensity enhancement. Since the above-
mentioned reasons do not have clear evidence, further investigation is needed to clarify the mechanism of the RS 
intensity reduction.  
4. Conclusions 
We measured PL and RS spectra in Au/PMMA/CdSe-NP multilayers, and their Au-CdSe distance (L)
dependence was investigated. When L was more than ~30 nm, both the PL and RS intensities were enhanced due to 
the electromagnetic-field enhancement effect. When L was less than ~50 nm, the PL intensity decreased 
dramatically due to the ET from the CdSe NPs to the metal films. The RS intensity also decreased slightly when L
was less than ~50 nm and the mechanisms for the RS intensity reduction were discussed. Though the PL and RS 
intensities weakly depended on the excitation wavelength, the PL intensity was enhanced slightly when the 
excitation wavelength was resonant to the localized surface plasmon energy. This result indicates that the excitation-
field enhancement effect, as well as the emission-field enhancement effect, contributes to the PL intensity 
enhancement. 
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